Ultradian oscillations of key transcription factors, such as members of the Hes family, are thought to be important in Neural Progenitor Cell (NPC) maintenance and miR-9 acts as a tuner of these oscillations in vitro. However, the existence and the role of such dynamic oscillatory expression in vivo is poorly understood. Here, we have generated a Zebrafish CRISPR knock-in Her6::venus fusion (Hes1 orthologue) to study endogenous dynamic gene expression in the embryonic hindbrain. We show that Her6 undergoes a transition from irregular, noisy, fluctuations to periodic oscillations as neurogenesis proceeds. In the absence of miR-9 input, noise in the Her6 oscillator increases and NPCs are unable to transit away from an intermediary state where they co-express progenitor and early differentiation markers.
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Introduction 2 3
Understanding how cells make cell state transitions from neural 4 stem/progenitor cells to differentiated neurons is key to interpret most 5 biological processes that underlie the development of the nervous system. 6
Indeed, cell state transitions underlie the development of most biological 7 systems, regeneration and cancer. Transcriptomic analysis of single cells is a 8 very powerful method that has been used to understand cell state transitions 9
as it can uncover thousands of genes that are up or down regulated in each 10 state. Aided by sophisticated bioinformatic tools, transcriptomic analysis can 11 also reveal the path taken by cells and the inferred temporal order 12 ("pseudotime" as in e.g. 1,2 ). However, while such transcriptomic analysis is 13 powerful in elucidating a sequence of gene expression it is essentially a 14 snapshot analysis and as such it does not reveal the fine-grained dynamics of 15 gene expression that take place in a timeline of just a few hours. signaling (e.g. delta; 4-6 reviewed in 7 ) and wnt signaling pathways 8 . Wherever 27 it has been tested by experimentation, it was clear that sustained versus 28 pulsatile expression of such molecules has distinct outcomes for cell fate 29 decisions 9 . 30 31 48
Zebrafish is ideal for such in vivo studies because of its superior suitability for 49 live imaging of molecular and cellular events at several time scales. This has 50 been exploited in the context of oscillations during somitogenesis, both at the 51 population and single cell level [13] [14] [15] . However, virtually nothing is known about 52 the real-time dynamics of gene expression during Zebrafish neurogenesis, 53 although previous studies based on fixed tissue snapshot analysis have 54 implied a highly dynamic interaction of her genes, their targets and regulators 55 16, 17 . Specifically, her genes have been implicated in neural progenitor 56 maintenance and in particular, in maintaining cells in an ambivalent progenitor 57 state 17 . These transitions are controlled by miR-9 16,17 as is the case also in 58 the mouse 18 mediated by controlling Hes dynamics 19, 20 . Thus, there is need 59 to understand her gene expression dynamics in vivo and the potential role of 60 miR-9 in tuning these dynamics. 61
62
Here, we use CRISPR/Cas9 technology to create the first fluorescent moiety 63 knock-in Zebrafish to be used beyond proof of principle 21 for experimental 64 exponentially in the hindbrain 25 .The Her6 expression profile is higher in r5/r6 166 with r6 having a constant slow decline over time from 25hpf, reflecting overall 167 the expected Her6 downregulation as cells differentiate and suggesting a 168 prolonged neurogenesis. We selected rhombomere 6 for further dynamic 169 analysis because, in spite of the overall steady decline, Her6 is highly 170 expressed in r6 and the otocyst can be used as a clear anatomical landmark. 171
172
Transversal views of the Her6::Venus expression in the hindbrain (r6) showed 173 expression in two restricted domains, each starting close to the ventricular 174 zone and extending further out towards the basal surface ( Fig. 2b and Movie 175 S2). A ventral domain potentially contributes to motor neuron circuits (Fig.  176 2b.i arrows) 26 , while the more dorsally located domain, halfway along the D-V 177 axis, is likely to encompass interneuron progenitors 26 (Fig. 2b .
i arrowheads). 178
This dorsal domain was the subject of subsequent investigation. The number 179 of Her6 expressing cells within this domain initially increases in absolute 180 numbers but not the percentage of expressing cells (Fig. 2b .ii-iii 23hpf vs 181 30hpf); meanwhile, in the later phases of neurogenesis we noted both an 182 absolute and proportional decrease in Her6 expressing cells (Fig. 2b .ii-iii 183 30hpf versus 42hpf) perhaps reflecting a switch from symmetric (i.e. 184 proliferative) to asymmetric (i.e. neuron-generating) divisions of Her6-positive 185
NPCs. There is no reduction of the Her6 domain area between 23 and 30hpf 186 despite the apparent morphogenetic movements, while reduction between 30 187 and 42hpf (Fig. 2b. 
Methods-Image processing). 211 212
Her6, like its mammalian counterpart Hes1, may generate oscillatory 213 expression in the ultradian scale (i.e. with periodicity of a few hours) due to 214 molecular auto-repression of transcription, coupled with instability of the her6 215 mRNA and Her6 protein, and tuned by miR-9 (Fig. 3b) 20,27 . Semi-automated 216 tracking of Her6::Venus expressing cells produced Venus and mKeima 217 intensity traces over time. 218
219
Analysis of the single cell time series of Her6::Venus showed fluctuations in 220 intensity of expression (Fig. 3c , red arrow and Movie S3) which persisted 221 when corrected for variability in the mKeima-H2B signal (Fig. 3d ) and in 222 combination with subtraction of long-term trend (detrended data-suppl Fig.  223 S3a) we investigated the presence of ultradian periodicity in further analysis. 224
225
We interrogated the ability of progenitors to oscillate in Her6 levels over time 226 using a statistical method previously developed to detect periodicity in 227
Luciferase time series 28 and subsequently improved for noisy fluorescent 228 data in mouse tissue 12 . Our method uses sophisticated computational 229 techniques to infer parameters of two Ornstein-Uhlenbeck (OU) covariance 230 models !"#$% and which are characteristic of periodic and aperiodic 231 dynamics respectively (Fig. 3e) . A strength of our approach is that we can 232 classify cells into oscillatory and non-oscillatory with statistical significance 233 (Online Methods-Periodicity analysis). Our covariance models include a 234 lengthscale term that describes the rate of decay in correlation between 235 subsequent peaks over time, referred to as periodic lengthscale !"#$% , and 236 aperiodic lengthscale !" . In addition to lengthscale, the periodic model also 237 includes a cos wave term and this is characterised by frequency and linked 238 to period, = 2 . Both models also account for the variance of the data 239 which we analyse separately, hence, here was set to σ=1. 240
241
We used the stochastic !"#$% covariance model to characterize Her6 242 oscillations at multiple embryonic stages (examples in Suppl. Fig. S3a ). Our 243 analysis showed that the proportion of cells that are classified as oscillatory 244 greatly increases during development (40% at 28hpf, versus approx. 80% at 245 30 -34hpf) (Fig. 3f) however there was no significant change in the periodicity 246 of oscillators which had a median period of 1.2-1.4 h in all stages examined 247 (Fig. 3g ). Given that a large proportion of early stage progenitors were non-248 oscillatory (examples in Suppl. Fig. S3b ), we then used the aperiodic 249 covariance model, !" (Fig. 3e) to further investigate dynamics irrespective of 250 ability to oscillate. Interestingly, fluctuations in Her6 expression in early 251 progenitors were characterized by an increased aperiodic lengthscale which 252 represents an increased rate of decay in signal auto-correlation over time 253 (Fig. 3h) . One can consider the rate of loss in correlation as an expression of 254 "noise" and we conclude that early progenitors are noisier in their gene 255 expression dynamics compared to later stage progenitors. We also analysed 256 the local coefficient of variation (LCOV) denoting variability of signal around 257 the mean; this is often taken as a measure of gene expression noise 29 . The 258 analysis of LCOV showed that early progenitors have higher gene expression 259 variability than late progenitors (Fig. 3i 28hpf vs 30-34hpf we sought to make changes that will interfere or modify oscillatory expression 278 of Her6 by changing the interaction with miR-9. In the Zebrafish hindbrain, 279 miR-9 expression appears at 30-31hpf and continues to increase at least until 280 48hpf (Suppl. Fig S4a) . The expression of miR-9 and Her6 spatially overlap, 281 although the expression of miR-9 is wider (Fig. 4a) , reflecting the existence of 282 other targets 30 . Based on these findings, we removed the influence of miR-9 283 on Her6 dynamics by mutating the miR-9 binding site in the her6::venus 284 3'UTR, to produce MicroRNA Binding Site mutant embryos (MBSm embryos, 285 embryos, n=7) meant that the phenotypic and dynamic analysis was possible 296 in F0 embryos (suppl. Fig. S4b-c) . Given that in uninjected embryos, 297 heterogeneity of Her6 expression peaks around 34hpf (Fig. 2c. iii), and this 298 correlates with a high propensity of progenitors to be oscillatory (Fig. 3f) To test this mathematical prediction we sought to determine the effect of 384 altered Her6 dynamics on downstream targets that would normally be 385 expressed when Her6 is downregulated. Late pro-neural transcription factors 386 such as basic helix-loop-helix gene NeuroD4 is known to be downstream and 387 regulated by Her/Hes family members 32,33 ; therefore we looked at the 388 expression of NeuroD4, known as a marker of neuronal commitment. As 389 predicted from the mathematical model, we frequently observed a decrease in 390 the expression of neuroD4 in MBSm embryos ( Fig. 6a and b) . 391
392
To gain insight into a resultant phenotype, first we characterised in more detail 393 the expression of her6 in relation to cell states in the hindbrain. Triple F-394 WMISH staining was performed in embryos at 34hpf (suppl. We also analysed Her6::Venus protein levels in live embryos by confocal 428 fluorescence imaging (Fig. 6e, red arrowhead) and FCS quantitation of 429 absolute nuclear abundance (Fig. 6f) . Both methods showed that the decline 430 in Her6 protein that normally takes place during development does not take 431 place to the same degree in MBSm embryos, indicating that cells have not 432 made the transition to differentiation. This is consistent with single cell 433 Her6::Venus intensity traces observed using time lapse between 34hpf and 434 46hpf (Suppl. Fig. S6d.i-ii) . 435
436
Taken together, these findings suggest that in the absence of miR-9 437 In Zebrafish, we were able to show that the transition switch from noisy to 465 oscillatory dynamics coincides temporally with the onset of miR-9 expression, 466 which has been previously proposed to be a "tuner" of Hes1 dynamics in the 467 cultured mouse cells 18 20 19,27 . Using CRISPR mediated knockdown of the 468 miR-9 binding site in the her6 3'UTR, we functionally tested the role of miR-9 469 in modulating Her6 dynamics in vivo. An important finding of the present work 470 is that miR-9 is needed for the oscillatory behavior of Her6 to emerge. 471
Without the influence of miR-9, Her6 expression does not evolve away from 472 the "noisy" into the oscillatory regime during development and moreover, in 473 the absence of miR-9 there is an increase in high frequency noise in allowing the transition to oscillatory expression to occur, too much noise 493 impedes the system of making this progression. We conclude that noise can 494 be either beneficial or detrimental and noise optimization mediated by miR-9 495 is functionally necessary for cell state transitions. 496
497
What is the origin of the increased Her6 protein expression noise in the 498 absence of miR-9? While the answer to this question is not presently known, 499
we can offer two explanations that are supported by the literature. The first is 500 that in the absence of miR-9 the translation of Her6 is increased allowing 501 more of the stochasticity in gene expression through to the protein level. This 502 fits well on the known effects of microRNAs in reducing translation 40-42 43 and 503 the increase in noise when translation is increased 29 44 . The second is that 504 the absence of miR-9 decreases the robustness of the miR-9/Her6 network. 505
This would happen if both miR-9 and Her6 (which normally repress each 506 other, 17 30 ) respond to the same upstream signaling, forming an incoherent 507 feedfoward loop. In such networks the negative influence of miR-9 to Her6 508 could be utilized to even out fluctuations in that signaling, as exemplified by 509 other similar cases (reviewed in 45 ). Indeed, in support of this scenario it has 510 been shown that both miR-9 and Her6 respond to upstream Notch signaling 511 17 . Both of these scenarios converge in the negative regulation of her6 by miR- 
Methods-Molecular cloning). 552
Next, we co-injected the DNA donor with the sgRNA and Cas9nls mRNA. 553
Later, we identified the Her6::Venus F0 adult fish carrying germline 554 transmission following the method described online (preparation of Cas9nls 555 and sgRNA in Online Methods-Microinjection and genotyping). 556 557
Statistical testing 558
Comparative analysis between embryos at multiple conditions were carried 559 
